ABSTRACT The hybrid energy storage system (HESS), which consists of ultra-capacitors and battery packs, is able to prevent the battery from the large current impact, increase instantaneous power capacity, so the battery is working under the reasonable status and the peak electric power requirement from the vehicle can be fulfilled. In this paper, a type of HESS containing dc-dc converter module, battery pack, and the ultra-capacitor is analyzed. Then, a novel online optimization-based nonlinear model predictive control (NMPC) power allocation strategy for the HESS is proposed. By introducing the vehicle velocity, control-oriented engine model, and the electro-mechanical transmission plant model, the electric power demand of the vehicle in the future can be predicted. The model of HESS is built in MATLAB/Simulink based on the predicted electric power requirement under the circumstance of a certain heavy-duty driving cycle. Moreover, the proposed strategy is verified through the physical test bench. The simulation and bench test results show the advantages of the HESS that is able to enhance the overall instantaneous power and prevent the battery from overload. Meanwhile, compared with the results of single battery storage system and the HESS with logic threshold control method, the proposed NMPC-based power allocation strategy can lower the peak power of the battery in the HESS, reduce the average charge and discharge power of the battery pack, and decrease the change in frequency and amplitude of the electric power. It will prevent the battery pack from over discharging/charging and improve the overall efficiency of the HESS.
I. INTRODUCTION
Electrical energy storage device has significant influence on the dynamic performance and fuel economy of hybrid electric vehicle and the pure electric vehicle. Currently, the main electric energy storage components used on vehicles are power battery and the ultra-capacitors. There are many advantages of the power battery: higher energy density, more compact size and relatively high reliability [1] . The main disadvantages of the power battery are relatively low density and the shorter cycle life [2] . Compared with power batteries, the ultra-capacitors have much higher power density and longer cycle life, but the energy density of the ultra-capacitor is relatively low [3] . In order to solve the problems that the vehicle using single storage element faces, the researchers combine the power batteries and the ultra-capacitors together to form the hybrid energy storage system (HESS).
The power distribution state of the hybrid powertrain determines the electric power demand of the HESS, and this electric power demand is considered as the load power of the HESS. The energy management and power distribution strategy of the hybrid powertrain determines the operating boundary of the HESS. The hybrid powertrain system studied in this paper includes a variety of dynamic components such as an engine and motors, and the energy management and optimization of which is the key to ensure the normal operation of the electro-mechanical transmission (EMT), and achieve excellent dynamic and economic performance. Electric power is an important dimension of the hybrid energy management optimization. The energy storage devices such as batteries, ultra-capacitors and high-speed flywheel, are used to provide or store electric energy. The constraints include state of charge (SOC), state of health (SOH) and the power boundary and so on, which has decisive influence on energy management and optimization. In current study, the domestic and foreign researchers have done lots of work on energy management and storage devices, and they have proposed many energy management methods. Such as, KIM J, etc. specifically studied the mode control strategy of the dual-mode electrical-mechanical variable transmission [4] . XIONG Weiwei and YIN Chengliang from Shanghai Jiaotong University proposed the energy management strategy based on real valued genetic algorithm for series-parallel hybrid system [5] . LI Liang, YANG Chao, etc. from Tsinghua University put forward multiple energy management and optimization methods based on amended dynamic programming algorithm and hybrid genetic algorithm, which achieved good overall optimization results under certain driving cycle for the city bus [6] . In the energy management methods mentioned above, a battery is used as the single storage device. The SOC and the maximum power of the battery are generally used as the optimization target or the constraints. The research results about working pattern analysis, parameter matching and control strategy of the hybrid powertrain system show that different performance parameters of energy storage devices and input-output boundary conditions have great impact on the optimization results. General Motors Corporation, Tsinghua University and Chongqing University, etc. have discussed this point in details [7] , [8] .
Considering the restrictions of volume and weight, we must regulate the HESS by the controller and adopt the allocation strategy to achieve the optimal efficacy under the limited power and capacity, so the electric power distribution strategy for the HESS is the research focus in this field. Distributing the electric power between two types of the storage elements reasonably can reduce the power load of the battery, increase the storage efficiency and extend battery life. Power allocation method based on logic threshold directly reflects the thought that using ultra capacitors in HESS to reduce electricity volume at peak period and increase electricity at valley, which is used in literature [9] . However it can only achieve the basic allocation based on the general experience and principles, and it cannot guarantee the distribution of electric power in HESS is optimal. Other scholars proposed power allocation strategy based on system optimization. Such as literature [10] put forward global optimization control algorithm based on dynamic programming for hybrid electric vehicle. Although the optimal solution could be found by the global optimization control algorithm, this optimized result is only effective under certain driving cycle instead of actual operation condition. In the literatures [11] - [13] , fuzzy logic-based power allocation strategy is adopted in HESS, the input of fuzzy logic controller is load power and SOC of the battery and capacitor. In the power allocation strategy for HESS, demand power prediction during a certain period of time is significant for distribution results. The feasibility and effectiveness of which have been proved by the simulation and experiment. However, it is difficult to obtain the prediction of electric power at present for the control strategy that uses load power and battery SOC as the input parameters.
Model predictive control (MPC) is also proposed in some research to build a controller. The MPC-based controller can offer an effective way to obtain the optimal solution and is implementable with less memory and computation resources. Reference [14] proposes nonlinear model predictive control (NMPC) to further improve fuel economy. However it needs the system linearized thus the solution is not always optimal. Moreover, some approaches are developed to predict the future demand of vehicles. An exponentially varying velocity predictor is proposed in [15] and [16] , which is simple and present how velocity prediction affects fuel economy intuitively. In the literatures [17] propose NMPC based load prediction combined with cycle detection. As this method highly depends on driving patterns, which is not suitable for real world driving circumstance.
Also, there are some researchers put forward the MPC based control strategy for the HESS already, Hou J and Sun J in University Michigan put forward a study of MPC algorithm for a battery and flywheel HESS in ship electrification system [18] . A computationally efficient MPC is presented for HESS in an all-wheel driven motorcycle by Matthias Baumann, which is based on the open-source software GRAMPC [19] . These methods are simple and provide an effective way to obtain the electric load prediction, but the power level is not suitable for general hybrid electric vehicles and the real-time application performance is not good enough due to the third party software introduced into the controller. In [20] and [22] the MPC for the power split between battery and ultra capacitor within the HESS of parallel HEV has been proposed, however the there is too much model simplification on the vehicle plant model, which may result that the prediction of the load power is not so accurate, so the solution is not always the optimal. Besides, for the verification of the power management strategy, most of the previous studies are based on the computer simulation technology to draw the conclusion. We believe that experimental verification is very important to verify a new strategy of the HESS.
Motivated by the reviewed researches, this paper proposed a real time optimal power distribution for HESS in HEV. The main contributions of this paper are as follows. Firstly, a novel two-level structure NMPC based control method for HESS is proposed. The first level is prediction model of the electric power demand over a finite time horizon according to the current driving information, and the second level is designed to locate the optimal power allocation results between the battery and the ultra capacitor. Secondly, considering the system complexity and the coupling characteristics of parallel-series EMT, the parameter identification based control-oriented engine model and the dynamic EMT plant model are proposed to predict the electric power demand. Then the forward dynamic programming is employed to solve the receding horizon optimization problem combined with the information from electric power demand prediction, which improves the accuracy and real-time capability of the NMPC controller. Finally, the new power allocation strategy proposed in this paper is verified by simulation and experiment bench test. It can be straightly used in HESS controller for Electro-Mechanical Transmission, and also be generalized to a more types of complex system with HESS.
The remain parts of this paper is organized as follows. Section 2 provides parameters and simulation model of HESS used in this paper, and then the model of the Electro-Mechanical Transmission (EMT) is established, which is a basic for the NMPC based electric power distribution strategy. In Section 3, a comparing study of batteryonly energy storage system (ESS) and HESS with a logic threshold strategy is performed. In Section 4, a NMPC power management strategy based on electric power demand prediction is proposed. The simulation results of the HESS with the new proposed strategy, compared with the simulation results of battery-only ESS and HESS with a NMPC based strategy, demonstrate the applicability and superiority of the proposed power management strategy. To confirm the feasibility of the proposed power management strategy, the test bench for the HESS is established. The experiment is performed in Section 5. Finally, conclusions are provided in Section 6, through the simulation and the bench tests; the proposed NMPC based power allocation strategy is tested and validated. 
II. SYSTEM STRUCTURE AND MODELING

A. STRUCTURE OF PARALLEL HESS
Currently the usual parallel structure of HESS for hybrid vehicles is shown in Fig. 1 , which consists of batteries and ultra-capacitors. In this configuration, power batteries are connected directly to the load, and the ultra-capacitor group is connected to the load via a bidirectional DC-DC converter. The electric power in HESS can be allocated actively through the DC-DC converter, at the same time the energy in the battery pack is fully utilized [23] , [24] . The cell inequality of the battery and the ultra-capacitor are ignored, so the cell models of the battery and ultra-capacitor are described as followed sections. Considering the computer calculating speed and the model precision requirement, the first-order Resistor-Capacitor (RC) equivalent circuit model for the battery and an equivalent circuit model for ultra-capacitor are used for the control and simulation according to the model research.
B. BATTERY MODEL
In this paper, a 20Ah lithium-ion battery is used as the single cell in the battery pack of the HESS. The battery model describing the operating characteristics of the batteries needs to be contained in the simulation and control. Due to the nonlinear feature of the battery, establishing an accurate battery model is one of the difficulties of simulation and power control. Some factors must be ignored and the chief characteristics that are significant to the HESS control must be contained. The first-order Resistor-Capacitor (RC) equivalent circuit model is adopted, which is shown in Fig. 2 . This model consists of an ideal DC voltage source V OC , a resistance R int_cell and a parallel RC network. Compared with the normal used internal resistance model for battery, the first-order RC model introduces RC network to describe the polarized characteristic of the battery which influences the instantaneous battery voltage and current. So the dynamic response of the first-order RC model is more accurate. Meanwhile, it avoids introducing too many internal parameters, which will led to parameter identification difficulty and heavy computation.
The input of the battery model is the current I _cell , and the output is the terminal voltage V 0 . The equation of the firstorder RC equivalent circuit model is shown in Eq. (1) . SOC of the battery is calculated by Eq. (2).
Wherein, SOC 0 is the initial value of SOC, Q 0 is the total battery capacity, C P_cell and the R P_cell are the equivalent polarization capacitance and resistance repectively. V P is the local RC network voltage Hybrid Power Pulse Characterization (HPPC) test is a usual way to get the parameters of equivalent circuit battery model, the detailed description of which is presented by ''Freedom Car motor-assisted hybrid vehicle battery test Manual'' published by the US Department of Energy. The test range for the battery is between 0.1∼0.9. When the SOC is reduced to 0.1, the battery keeps static for 1 hour. After measuring the stable open-circuit voltage of the battery (V OC ), HPPC test is finished once. Fig. 3 shows the response of battery terminal voltage in a HPPC test under a certain SOC point.
Battery internal resistance R int is calculated by Eq. (3).
The battery is considered as stable after static keeping, and the voltage change measured in HPPC test could be regarded as zero state response of first order RC equivalent circuit. The voltage equation is shown in Eq. (4). After the end of HPPC test, the voltage variation can be considered as a first-order zero input response of RC equivalent circuit. The terminal voltage equation is shown in Eq. (5) . Fitting the experimental data by Eq. (4) and (5), the identification results for each parameter can be obtained.
Wherein, V P (0) is the initial voltage value of the RC network in the first-order RC equivalent circuit model.
Each parameter in the first-order RC equivalent circuit model identified from the experimental data is shown in Table 1 . 
C. ULTRA CAPACITOR MODEL
Similar to the power battery, in order to describe the ultracapacitor performance more accurately, the equivalent circuit model that consists of the electric elements is used to simulate the characteristics of the ultra-capacitor. This model is shown in Fig. 4 . Wherein, C is the ideal capacitance of ultracapacitors. R int is the equivalent series resistance in ultracapacitor, which is simulating the instantaneous terminal voltage variations and heat loss during the charge-discharge experiments. R p is the leakage resistance of ultra capacitors, which is simulating the self-discharge electric power leakage loss of ultra-capacitors. Since the leakage property is only happened when the ultra-capacitor works for a long period of time, in the dynamic process of the ultra-capacitor, the value of R p is selected based on experience instead of the identification experiment.
The current I is the input of the ultra-capacitor model. The terminal voltage V o is the output. The state equation of the ultra-capacitor equivalent circuit model is shown in Eq. (6) .
The main parameters of the 2000F ultra capacitor product selected in this paper are shown in Table 2 . 
D. DC/DC MODEL
The half-bridge bi-directional dc-dc converter, which is shown in Fig. 5 , is widely used for HESS. Compared with the other structures of bi-directional dc-dc converter, such as CUK and SEPIC, the value of inductance, the voltage applied on the power switches and the current flowing through the power switches is smaller.
C1 is the low-voltage side which is connected to the battery, and C2 is high-voltage side which is connected to VOLUME 6, 2018 the ultra-capacitor. When the bi-directional DC/DC converter works in boost mode, S1 is off, and S2 works under PWM control. When the bi-directional DC/DC converter works in buke mode, S2 is off, and S1 works under PWM control. In the simulation, the DC/DC converter is considered as using an ideal controller. Only the time-delay of the control is considered.
In this paper, the voltage range of low-voltage side (C1) is 530∼600V, and the voltage range of the high-voltage side (C2) is 600-1250V. The peak power of the bi-directional DC/DC converter is 110kW. 
E. VEHICLE CONFIGURATION AND MODELING
Electro-Mechanical Transmission (EMT) is a form of seriesparallel hybrid powertrain system, which supplies a feasible way to solve the electric drive for heavy vehicles [25] . Fig. 6 shows the basic configuration of EMT. It includes both mechanical transmission (front transmission, power coupling mechanism and gearshift mechanism) and electric drive (two motors, power distribution unit and power batteries). HESS is adopted to replace the power battery for storing or releasing energy in EMT. The target of this paper using the HESS is optimizing the operating state of the battery pack and improving the system efficiency. EMT has a variety of operation modes through combinations of the engine and motors. The algebraic sum of the power of Motor/Generator 1 (MG1) and Motor/Generator 2 (MG2), which work as motors or generators respectively. The MGs working status determine the working condition of HESS. The typical operating modes of EMT are shown in Table 3 .
In the heavy duty vehicles driving conditions, EMT generally works in hybrid drive mode. HESS is charged or discharged according to the energy management and the power demand of the hybrid powertrain. Pure electric mode and the engine mechanical drive mode are only used as emergency conditions or the special situations.
As the schematic of the EMT shown in the Fig. 6 , The Motors/Generators and engine are connected through three basic planet gear sets. Each planet gear set consists of a ring gear, a sun gear, and carrier gear with several pinion gears. The rotational speeds of the ring gear, the sun gear and the carrier are satisfied to the determined relationship due to the mechanical connection with the gear teeth:
Wherein, ω ring , ω sun , and ω carrier are the speed of the ring gear, the sun gear, and the carrier. k is internal parameter of the planet gear set, obtained by
Where, Z ring and Z sun are the number of ring gear teeth and the sun gear teeth. Since the EMT. By applying the Newton's Laws of motion on the planetary gear set and the vehicle, we can get the dynamics of the EMT are summarized as followed:
For Mode I:
For Mode II
Wherein, J e , J MG1 , J MG2 are the rotational inertia of the engine, the MG1 and the MG2. T e , T MG1 , T MG2 and T O are the torques of the engine, the MG1, the MG2 and the output shaft of the EMT. ω e , ω MG2 , ω MG1 and ω o denote the rotation speed of the engine, the MG1, the MG2 and the output of the EMT. i q is the gear ratio between the engine and the transmission. k 1 , k 2 and k 3 refer internal parameter of the three different planet gear set in EMT respectively.
For the vehicle, longitude dynamics are as follows:
In this model, the torque of the engine, Motors/Generators and the brake are the input parameters to the plant. Dynamics of the Motors/Generators are simplified to the first-order lags as follows,
Where, the T MG1,2 is the demand torque of the Motor/Generator and τ MG1,2 denotes the time delay constant of Motor/Generator.
The main parameters of the EMT vehicle studied in this paper are shown in Table 4 . 
III. COMPARING STUDY OF POWER ALLOCATION STRATEGY BASED ON LOGIC THRESHOLD FOR HESS AND SINGLE BATTERY DEVICE
In this part, the logic threshold control method for the single battery and the HESS is proposed for comparing the HESS to the single battery storage system. Also, the control result of the logic threshold method is given which can be compared with NMPC based control method proposed in Part IV.
One simulation driving cycle shown in Fig. 7 is considered as the research object, which contains curves of vehicle speed v and road resistance coefficient f . It is a typical driving cycle for the heavy duty vehicle, which contains different road surface conditions. According to the vehicle driven power and the electric power demand, the fuel economy and dynamic performance are selected as the optimization objective. Based on the dynamic characteristic of the engine, motor and batteries and coupling constraints of the coupling mechanism, the electric demand power is calculated according to the methods proposed in literature [25] , which is the input of the energy storage devices. The electric power demand result is shown in Fig. 8 . When using the single battery as the energy storage device instead of the HESS, all the electric power demand load is connected to the battery pack, the charge and discharge current, the SOC variation and the bus voltage under the driving cycle can be achieved, which are shown in Fig. 9(a) , (b), (c). In this simulation, the parameters are the same with the ones in Table 4 . The simulation results show that when the battery is the only storage device of EMT vehicles, the electric power demand of the vehicle is equal to the charge-discharge power of batteries, the peak of battery electric power is 195.27 kW, which is relative large comparing to the battery capacity.
Logic threshold strategy has some advantages that it is simple and reliable. The general idea of the power allocation method based on logic threshold is as follows: first, the battery power limit should be known; then the battery provides electric power within its limitation, and the part that exceeds the limit value should be supplied by ultra-capacitors. The table of the logic threshold power allocation strategy is shown in Table 5 .
When the HESS is in the status of discharging (P load > 0) or charging (P load 0), first the charge or discharge conditions of batteries and ultra-capacitors should be obtained VOLUME 6, 2018 through their SOC. Furthermore, the electric power load is allocated between the battery and the ultra-capacitor based on logic thresholds, which is realized by the bi-directional DC-DC convertor. The logic threshold value of battery power is 60kW. When the load power exceeds 60 kW, ultracapacitor starts working. The simulation results are shown in Fig. 9(d) , (e), (f).
Compared with the simulation results shown in Fig. 9 in which the HESS is not adopted, the peak power of the battery pack is always in the control limit. However, the fluctuation of the battery charge-discharge is still large, because the time of ultra-capacitors participating in is not long enough and apropos. Generally, the power distribution and control is realized. Nevertheless, this allocation results are not perfect, because the ultra-capacitor doesn't fully exert its function. Both the frequency of battery pack involved in the work and the working magnitude variation are large, which affects the battery status and longevity.
IV. NMPC-BASED POWER ALLOCATION STRATEGY
HESS distributes the electric power through two energy storage elements reasonably for giving full exertion of the batteries and ultra-capacitors. That will enhance the efficiency of the HESS and extends the life of batteries. By power allocation strategy based on logic threshold, the chargedischarge power of battery is just limited in a special range. That will result that the battery current is still large which will reduce the battery life, and the ultra-capacitors are not fully utilized. Considering the limitations of logic threshold strategy, the NMPC based control strategy that is with more intelligent and adaptability is proposed in this paper. Pedal position and the vehicle speed are the important parameters in the driving process, since the current vehicle speed can reflect future trends of required power of the hybrid powertrain, which directly influence the electric power distribution in the HESS. In the existing literature, few researchers consider the electric power prediction when developing power allocation strategy, so the improvement to the energy storage performance is limited.
A. ARCHITECTURE OF NMPC-BASED POWER ALLOCATION STRATEGY
In order to design an effective controller to maintain the battery works at the optimized electric power state while the fuel consumption reduced and all transmission physical constraints are satisfied. Meanwhile, since the average charge and discharge power of the battery is the crucial to battery efficiency and length of cycle life, another objective is to keep the electric power requirement well achieved.
Note that the changes in battery current and voltage, ultra capacitor power are much faster than the dynamic nature of the EMT, which contains the torques and the rotation speed of the engines and MGs. Therefore, in this work, we manage the system electric power allocation problem into two parts The first part determines the predicted electric power value based on the model of the lumped vehicle model for the lower level at each sample time. The predicted optimum values can be issued as the reference to the second part of the controller. The lower level controller finds the distribution strategy and factors for the components in HESS following the references set by the supervisory layer. A block diagram of controller is depicted in Fig. 10 .
As the first part of the controller, the input is chosen as the driver demand, which is mainly the driver's pedal position α. Moreover, the vehicle velocity v can be observed through the speed sensor. Since the system has two independent degrees of freedom, combining the input information, the operating status can be obtained at each sample time based on the dynamic model of EMT. Based on vehicle operating condition and the hybrid control unit (HCU) of the vehicle, we can obtain the total driving power demand and power demand of engine (P eng_demand ). For each sampling time, we know all the working status of the GMs and engines. Since the dynamic response of the engine is much slower than the electric devices such as GMs, battery and ultra-capacitor, we must combine the dynamic model of the engine to predict the actual engine power (P eng_act ). Furthermore, the predicted operating status of GMs can also be calculated. Based on the electric power balance calculation, we can obtain the prediction of the electric power demand as the input value of the HESS (P HESS_demand ). Then, the predicted electric power value could be issued through the EMT dynamic power adjust controller as the input reference of the second part of controller. The second part mainly deals with the predicted electric power demand to coordinate the actual electric power demand (P HESS_actual ) into two electrical components, battery pack and the ultra-capacitor.
B. POWER BALANCE AND THE EMT DYNAMIC POWER ANALYSIS
In this EMT configuration, the engine power is allocated into two flows, one is converted into electric power through Motor/Generators (M/Gs), and the other is transmitted into the form of the mechanical power directly [26] . During the process of the power distribution, conversion and transfer, the amount of the total power remains balance. At the same time, the electric power always keeps flowing among the electrical components. According to the rule of energy conservation and EMT structure, the electric power constraints between the M/Gs, HESS and the other relevant electrical equipment can be described as follows,
Where, η is the power convertor efficiency, sgn(·) denotes the sign function. P MG1 and P MG2 are Motor/Generator power, note that the positive or negative value means the M/G working as Motor or Generator modes respectively. P equip denotes the total power of electrical equipment except for the MGs. Moreover, P HESS is power of the hybrid energy storage system.
Similarly, according to the law of kinetic equations and the energy conservation, the mechanical power balance for the EMT with HESS is obtained as follows, (19) where, the P eng is the engine power, P d is the drive power demand, η eng_d , η MG1_d and η MG2_d are the transmission efficiency from the engine, MG1 and MG2 to the driving wheel respectively. Through the power balance Eq. (17)-Eq. (19), we can note that the electric power of the HESS is highly related to the operation status of the MG1, MG2 and engine. Based on the EMT dynamic model, which is discussed in Eq. (9)-Eq. (14), we know that when the system is in steady state, the torque of the MG1, MG2, input and output is balanced with each other, and no angular acceleration is generated. However, when there is external electric power demand or the operating state needs to be changed, the system should be dynamically adjusted, thus the control state deviates from the control target, the system will generate angular acceleration, resulting in unexpected changes in component rotation speed and torque. According to the analysis of the dynamic coupling characteristics of the EMT, we know that the response speed of the engine is slow and the efficiency model is not accurate enough, the engine cannot provide the corresponding electrical power quickly when the external demand exist, thus the HESS needs to discharge more to compensate for the lack of power. During this process, the generator increases the power generation and the motor reduces the power consumption. Since dual mode EMT is a complex strong coupling system, there is a strong coupling relationship between components. If we control each component separately and change their working state independently, even though the desired control effect can be achieved, it will affect other performance.
In some circumstances, when HESS needs to discharge more electric power to GMs as the EMT requirement, the engine should increase the output power, which also changes the operation point of the engine. Nevertheless, due to the slow dynamic response of the engine compared with the motor, the electric power requirement cannot be fulfilled in time, therefore the HESS should provide additional electrical power to meet the needs of the vehicle system. At the same time, the controller should also try not to affect the dynamic performance and other related performance, such as output torque and rotation speed. We can deduce the dynamic expression of the electric power demand based on the above analysis and the dynamic model of EMT, which are shown in Eq. (20)
-Eq. (23).
For Mode II,
Where, P eng , T eng and n eng denote the variation of engine input power, input torque and input speed. T o and n o are the torque and rotation speed of EMT output shaft, i q is the gear ratio between the engine and the input shaft of the EMT. P MG1 and P MG2 represent the power variation of the MG1 and MG2. Combined with the Eq. (17), we can get the electric power demand variation:
Based on the analysis and calculate above, we illustrate the coupling relationship between the extra power generated by the engine and the power variation of the GM1 and the GM2. That means the external electric power can be realized by coordinating the electric power difference between the GM1 and GM2, so the main source of the external power supply is the extra power of the engine. Since the key to the electric power demand of HESS is to determine the deviation between the actual and target value of electric power demand. The electric power variation is mainly result from the dynamic response delay of the engine. Therefore, we put forward a dynamic control oriented engine model in this paper.
C. CONTROL ORIENTED ENGINE MODEL
The NMPC-based control performance is affected by the model accuracy, in this section, based on the identification method, an control-oriented engine dynamic torque model is established, which can be used in the next part of the controller. Most engine modelling methodologies do not take the interactions between engine and its control system into consideration. Besides these engine models often involved in torque sensors, which are not common for application in HEV control. Thus, an experiment-based engine torque model is adopted. The engine identification experimental data are shown in Figure. 11 The order of the identified model is relatively high, which is not suitable for the online application of the controller. The Hankel singular value indicates the controllability and observability of each variable. The parameters with smaller Hankel singular has less effect on the input-output characteristic of the system. So that the system can be reduced to a two-order system. The engine model, after derivation, can be described as:ẋ r = A r x r + B r u y r = C r x r + D r u (25) The LMI (linear matrix inequality) method is used to reduce the order of the model, the parameters for the model above is as follows,
Then, we rewrite the model into transfer function model is
Wherein, ω n = 0.7043, ζ = 0.5257, and the T demand e is the torque demand of the engine. T act e is the actual torque of the engine, which is used to calculate the electric power demand.
To sum up, we can get the engine dynamic response in EMT system based on the Newton's laws of mechanics: (27) Where, J e is the equivalent rotational inertia of the engine, T L e is the engine load torque, which is provided by the EMT system.
D. OPTIMAL BATTERY STATE
The optimization of battery state is an important target for the matching and control of hybrid energy storage system. Therefore, based on the chemical characteristics, the battery model and bench test data, the optimal current expression of the battery is obtained, which is a target reference value for battery optimization.
In order to prolong the service life of the power battery more effectively, we should consider the optimal charge/discharge current of the battery group in the NMPC based HESS power allocation strategy. When the battery is charging or discharging, the positive and negative electrode of the battery has a corresponding chemical reaction under the charge and discharge current. If the current of charging and discharging is greater than the acceptable current of the battery pack, it will not only waste electricity power, but also shorten the life of the battery pack. The test proves that, under the stable condition of battery charging/discharging, the battery current shows an exponential curve: (28) Where, I bat is the charge/discharge current of the battery, I 0 is the initial value of maximum permissible charging current, a is the acceptance rate of the battery, and its value depends on the state and characteristic parameters of the battery. We consider the battery charging condition first. The charging current figure is shown as follows, The curve in the Fig. 12 is an acceptable charging current for the battery group, which shows that the charging current decreases from the relatively high initial value quickly. The reason is that there is the polarization phenomenon during the charging process. The charging current beyond the charging curve not only deteriorate the charging efficiency, but also increase the gas release. The charging current less than the receiving curve is the acceptable charging current of the battery pack, and it will not cause damage to the battery.
According to the Eq. (29), the electricity amount C charged into the battery pack at moment t can be calculated:
Assuming that the electricity charging into battery is equal to that discharging amount from the battery, for any given discharge current (I ), the acceptance rate (a) of the battery is inversely proportional to the square root of the capacity of the battery (C b ) to charge:
Therefore, the optimal charge current of the battery can also be expressed as:
The quantitative analysis shows that the battery pack changes in the capacity of the battery under different discharge depth. For any discharge current, the charge acceptance current of the battery group is proportional to the square root of the discharge capacity. The ratio constant K is determined through the test experiment of the battery pack.
The discharging condition of the battery pack is simpler than the charging situation. In general, the battery pack allows the maximum 3C, which means the peak discharge current of 3 times the battery capacity, and the stable discharge current is 1C. With the discharge, the charge state of the battery group decreases and the discharge current attenuates. The maximum discharge current of battery packs can be obtained through the Eq. (32).
E. THE NMPC BASED CONTROLLER
In the NMPC's internal prediction model, the EMT inertial losses are ignored to reduce the model complexity and increase the computational efficiency. Combining the electric power demand prediction discussed above and the working status of the EMT, the error of the electric power requirement is obtained. The goal of this work is to split the electric power between the battery and the ultra capacitor, there is one more degree of the freedom in the HESS, so the power distribution factor λ is picked as a control input, which is defined as follows,
Where, 0 < λ 1. Thus,
In order to achieve the optimal control variables, the NMPC controller calculates a future control sequence, which minimizes a performance index that reflects the optimization goals and meanwhile is subjected to the system dynamics and the constraints. The objective of the NMPC based control is to track the reference operating points U bat , I bat and P HESS by controlling the power distribution factor λ, to keep the battery working at the optimized state and at the same time, the electric power demand is fulfilled.
Based on the aforementioned equations and assumptions, the detailed control-oriented model can be expressed as:
Wherein, x is the state variable, u is the control input, v is the measured disturbance, and y is the output of the model. Moreover, the optimization problem is subjected to a set of inequality constraints arising from physical characteristics
where '' _min '' and '' _max '' represent the minimum and maximum constraints which could be time-varying For the power allocation strategy of the HESS, the main objective is to track the optimal reference power demand rapidly, while keeping the battery working at the optimal status to prolong the cycle of the battery. Thus, the quadratic cost function derived in the prediction horizon is defined as follows: Since the model is nonlinear and some parameters of the model and the limitations are time varying, the solution of the optimal control problem has high computationally requirement. Hence, we adopt the forward dynamic programming (FDP) algorithm to solve the optimization problem.
According to the prediction horizon, the initial of the battery voltage and current is measured. The executable voltage and current for each step has certain boundary and the end value of the battery voltage is indeterminate, therefore, FDP can save more computing calculation compared with traditional backward dynamic programming (BDP). Moreover, the prediction horizon is not long and the feasible scope of battery voltage and current is restricted, the calculation time of the FDP is acceptable.
Considering the computational problem and control performance, we discretized the linearized model with a sample time of 0.1 s. In this paper, the implementation horizon is selected as 0.1 s, and both the control horizon and the prediction horizon are selected as five time-steps, the optimization problem for the k th prediction horizon is discretized as Eq. (38).
Where, N p is the prediction horizon. Then during the prediction horizon, at each sampling time k + k k + N p − 1, the minimum cost is obtained by Eq. (39). 36), where, j is any discrete acceptable state value at time k + k, U bat (j) is the j th battery voltage at time k + k. Furthermore, the cost function index relies on the values of U bat (j), k + k and the control input U (j). So according to the forward dynamic programming, the optimal performance at sampling time k equals to
Then, at each sampling time k + k k + N p − 1, the minimum value of the cost function is:
By solving the optimal control problem, the power allocation can be finished online using NMPC. The Fig. 13 shows the details of the solving process. Up to now, the NMPC problem is formulated as a FDP problem with linear constraints to be solved at each sample time. At time k, the following steps are taken:
Step 1: Measurement/estimation of the system state U bat , I bat ; Step 2: Updating the constraints using the system state;
Step 3: Linearisation and discretization of the non-linear model around the current operating conditions to obtain a linear system;
Step 4: The optimization problem over the prediction horizon is solved numerically using forward dynamic programming and the optimal control sequence is obtained.
Step 5: Only the first element of the optimal control sequence is applied to the slave controller
Step 6: Repetition of the previous steps at the next sample time.
F. SIMULATION RESULTS AND DISCUSSION
The electric power demand of the heavy-duty vehicle is achieved and allocated by the power allocation strategy based on NMPC proposed in this paper. The results are shown in Fig. 14 . Compared with the simulation results shown in Fig. 9 , more power characteristics of ultra-capacitors can exert through the new strategy and the battery power is limited in a smaller range.
In the design of power allocation strategy for HESS, the lower system loss is one of the optimal objectives [27] . The ohmic loss of batteries and ultra-capacitors are calculated by Eq. (42). The bi-directional DC-DC converter efficiency is recorded as 98%.
Wherein, I is the current through the battery or ultracapacitor; R int is the resistance of battery or ultra-capacitor. The research results in the literature [28] shows that the battery charge and discharge rate significantly affects the life of the battery pack. The larger is the battery charge and discharge rate, the shorter is the cycle life of the batteries. In the three cases mentioned this paper, the capacity of the battery pack are the same, so comparison results of battery charge and discharge rate are shown in Table 6 . shows that, when is battery as the single energy storage device, the results of loss power, average charge and discharge power and the peak power are large. When applying the HESS, the peak power of the battery is restricted within the threshold. Compared with the energy allocation strategy based on logic threshold, the allocation strategy based on fuzzy logic can effectively reduce the storage system power losses and the average battery power, which is reduced by approximately 20%.
V. EXPERIMENTAL VERIFICATION OF NMPC-BASED POWER ALLOCATION STRATEGY A. INTRODUCTION OF TEST BENCH
In order to verify feasibility of the power allocation strategy based on NMPC for HESS, a miniatures-scale test bench of HESS with active parallel structure shown in Fig. 1 is established. The block diagram of the test bench is shown in Fig. 15 and the physical test bench is shown in Fig. 16 . During the experimental test, the system load power is scaled to the power and voltage range that the bench elements can realize. The major components of the test bench are shown in Table 7 .
Through Personal Computer 2 (PC2), the Matlab/Simulink model of power allocation control strategy is embedded into the dSPACE, that it is used as the controller to realize HESS real-time control. Battery test equipment as the load part is responsible for charging and discharging the HESS. Battery test equipment communicates with Personal Computer 1 (PC1) via RS232 bus. Then PC1 controls the amount of electric charge-discharge power, which is transferred to the real load power of the HESS, which means it is pre-load the driving cycle to determine the predicted electric power demand for the HESS. The battery pack consists of two cells 20Ah A123 lithium-ion battery in series. The maximum voltage of battery pack is 7.2V, the minimum voltage is 5.2V, and the maximum voltage of ultra-capacitor is 48V. Bi-directional DC/DC converter communicates with dSPACE via CAN bus. The dSPACE, as the power allocation controller controls the amount and direction of the electric power flowing through the bi-directional DC-DC converter by giving the control signal to DC/DC via CAN bus. The voltage and current signals collected by the DC/DC converter are transferred to dSPACE by CAN bus too. The ControlDesk software can be used on PC2 to monitor the experimental data in real time. According to the test bench limitation, the load power demand is reduced by 200 times on the test bench to validate the strategy.
B. ANALYSIS OF TEST RESULTS
In this section experimental bench test is set up to demonstrate the validity of the proposed HESS NMPC based power allocation strategy, as shown above. Since the vehicle operating status has a significant impact on the power distribution, the basic working cycle is pre-established in PC1 and PC2. Then the predicted electric power demand was transfer to the lower level to solve the power distribution between the battery and ultra-capacitor in PC2. A To demonstrate the proposed strategy performance quantitatively, experiments over four representative real driving cycles are done. The cycles are selected from a large range of field measurements to extract the most common load trajectories of a heavy-duty vehicle. The velocity cycle is specified in more detail in Fig. 17 . The distribution of the electric power demand confirms the validity of the proposed strategy; moreover the average battery charge and discharge power reflect the advantage over the traditional logic threshold strategy. The bench test results are shown in Fig. 18 . Generally, cycling the battery at high average battery charge and discharge power reduces the life of the battery. Figure 18 (a) shows electric power demand prediction profile, which is used as the load power to the HESS experiment workbench. The black dot line denotes the actual electric power demand, while the red solid line is the predicted electric power demand that calculated by the controller. At some points when the actual electric power changes suddenly, the predictions still can be modified soon since they are recalculated in a time-varying horizon at each time step. Figure 18(b) . shows that the distribution result based on the NMPC method. The red solid line is the load power, which is the electric power that should be allocated between the ultra-capacitor and the battery pack, the green dash line denotes the battery power, and the black dot line show indicates the ultra-capacitor power. It can be seen that the battery always works under the optimum rated boundary, while the ultra-capacitor can replenish the remaining electric power in time during the large power requirement occurs, which is shown at the magnified certain range shown in this figure. Similarity, when the system produces more power than that the battery can absorb, the ultracapacitor can assimilate the superfluous electrical power. Fig. 18(c)-Fig. 18(e) illustrate the ultra capacitor voltage, battery voltage and the batter SOC. We can see that the battery SOC kept in an optimal range, in order to meet the load power demand higher than the battery can supply or absorb the ultracapacitor can adjust its working status fast and then lower the load power for the battery. In contrast, the voltage fluctuation of ultra-capacitor is relatively larger than that of battery, since it is also determined by the characteristics of capacitor.
Therefore, the battery pack can working at the optimal states, moreover, ultra-capacitor can prolong the working time and improve the energy recovery rate significantly.
C. LONGER DRIVING CYCLE BENCH TEST
In the experiment results shown in Fig. 18(e) , we can notice that the SOC of the battery increase appreciably from the initial value after the 1185s test process ending. In order to verify that this slightly rising trend could be restrained under the new HESS MPC based control strategy proposed in this paper, we have extended the experimental bench test time and obtained a positive conclusion.
On the basis of the original test cycle, we have carried out two groups of the same cycle continuously without stopping the experimental bench, thus the total cycle time of new tests is around 3600s. The Fig. 19 shows the bench test result of the experiment. Fig. 19(a) illustrates the electric power demand prediction results based on dynamic plant model, in which the black dot line is the actual electric power demand and the red lines are the predicted electric power requirement. At increasing and decreasing power gradients, accurate predictions can be observed because the control oriented plant model can be clearly indicate the power fluctuate situation. At some points when the actual velocity changes suddenly, the prediction electric power demand can be modified soon since they are recalculated in a receding horizon at each time step based on the dynamic model. Fig. 19(b) shows the variation of SOC of the battery in HESS under the new prolonged continuous driving cycle conditions. The two vertical blue lines indicate the end of the time for each cycle. As for the original 1185s-length cycle, the SOC of the battery increases from 50% to 50.86%. By contrast, in the extended bench test, the value of SOC only varies to 50.86%. That means the fluctuation of this parameter is limited in a certain range via the presented energy management strategy. In actual engineering application, it is generally acceptable that the change between the initial and terminal SOC value should not be more than 3%. The reason for SOC variation restricted is as follows, in the NMPC based power allocation strategy proposed in the paper, the electric power demand is predicted based on the EMT dynamic model, at the same time it is also influenced by the system energy management strategy. When the battery SOC in HESS is too high or too low, namely the fluctuation of the SOC approaching the boundary threshold, the EMT upper level strategy coordinates the engine, Motor/Generators to consume or compensate more electricity. Moreover, according the response of the EMT, the electric power demand is predicted in real time, and then the NMPC based power disturbing strategy is used to adjust the predicted power variation accordingly, thus the fluctuation of SOC is controlled within a reasonable range. In summary, the new control strategy for HESS is effective and feasible, so as to ensure the battery optimal working status and extend the cycle life of HESS.
VI. CONCLUSIONS
In this paper, the NMPC-based power allocation strategy control for HESS is proposed. By introducing the velocity of the vehicle, control oriented model of Engine, the plant model and some of the critical state variables, the electric power demand of the vehicle in the future can be predicted. Therefore, the distribution of the electric power of the HESS is more reasonable. Thus, complementary advantages of ultra-capacitors and batteries in the HESS can be fully utilized.
Based on control-oriented model of Engine and EMT, the electric power demand is predicted, the simulation results of the power allocation strategy for the HESS is proposed in this paper. The results using single battery energy storage devices based on the logic threshold strategy are compared and the enhancing effect of adopting the ultra-capacitors is validated.
Simulation results show that the energy loss, average battery charge-discharge power and the peak power of the HESS that adopting the NMPC-based power allocation strategy is superior to both the one using logic threshold strategy and the one adopting single battery packs.
The test bench is established to verify the power allocation strategy. The test results and simulation results obtained in two ways but the control effect is basically consistent with each other. That means the proposed NMPC-based power allocation strategy is feasible in practice.
